In this article, the discharging cycles of paraffin in novel latent heat storage (LHS) unit are 2 experimentally investigated. The novel LHS unit includes shell and tube with longitudinal fins based 3 heat exchanger and paraffin as thermal energy storage material. The experimental investigations are 4 focused on identifying the transient temperature performance, effective mode of heat transfer, 5 accumulative thermal energy discharge and mean discharge power of paraffin in LHS unit. Moreover, 6 the influences of operating conditions such as inlet temperature and volume flow rate of heat transfer 7 fluid (HTF) on thermal behaviour of LHS unit are experimentally studied. The transient temperature 8
Introduction 29
Due to an increase in global economic growth, the urge for consistent supply of energy has increased 30 in both industrial and domestic applications. Fossil fuels have been serving the purpose of generating 31 desired energy for many decades. However, the harmful emissions from fossil fuels have caused 32
climate change and global warming [1] [2] [3] . Therefore, the need for efficient and responsive 33 technologies for renewable energy and heat recovery sources are imperative to abridge gap between 34 energy supply and demand. Thermal energy storage (TES) is an environmental friendly technique to 35 capture thermal energy at solar peak hours or from heat recovery sources and releases it to balance out 36 energy demand. Latent heat storage (LHS) is considered as more attractive technique of TES due to 37 its high thermal storage density, almost isothermal energy storage and retrieval, low vapour pressure, 38 chemical stability and small variation in volume during phase transition [4] [5] [6] . 39 LHS systems utilises phase change materials (PCM) to capture and release thermal energy during 40 phase transition. LHS systems have been employed in number of practical applications ranging from 41 solar thermal systems, waste heat recovery systems, energy balancing, management and peak shaving, 42 agricultural drying and building air-conditioning systems [7] [8] [9] [10] [11] [12] . However, the large scale practical 43 utilisations of LHS systems are hindered by low thermal conductivity of phase change materials (≈ 44 0.2 W/m.K) [13, 14] . Due to low thermal conductivity, the rapid charging and discharging of LHS 45 system is highly affected. Thus, a responsive heat transfer mechanism is essential to counter low 46 thermal conductivity. Several methods have been proposed to improve heat transfer mechanism and 47 consequently overall thermal performance of LHS system such as: container geometrical orientation, 48 inclusion of extended surfaces, dispersion of high conductive additives and encapsulation [15] [16] [17] [18] [19] [20] [21] [22] .
49
The geometrical configuration of heat exchanger in LHS system plays a crucial role. Various types of 50 heat exchangers for LHS systems are examined, however shell and tube configuration is intensely 51 researched due to its easy installation into majority of industrial applications and design simplicity 52 with minimal heat loss benefits [23] . 53
Seddegh et al. [24] performed experimental investigations of paraffin (RT60) in vertical shell and tube 54 configuration with varying tube radius. Four tube radiuses were tested with shell-tube radius ratio of: 55 8.1, 5.4, 4 and 2.7. It was noticed that by decreasing radius ratio from 8.1 to 2.7, the solidification 56 time was reduced by 44%. Yazici et al. [25] performed an experimental examination of paraffin in 57 horizontal shell and tube configuration of LHS system. The effect of eccentricity of heat transfer fluid 58 (HTF) tube on discharging rate was investigated. Six locations were probed with eccentricity values 59 of: -10, -20, -30, 0, 10 and 20. It was noticed that either upward or downward increase in eccentricity 60
showed a reduction in discharging rate, whereas the concentric orientation had presented a relatively 61 higher discharging rate. Similarly, Seddegh et al. [26] numerically examined the thermal behaviour of 62 paraffin (RT50) in vertical and horizontal orientation of shell and tube based LHS system. It was 63 noticed that geometrical orientation of shell and tube had minimal effect on solidification rate, due to 64 conduction dominated heat transfer. Likewise, Longeon et al.
[27] experimentally tested paraffin 65 (RT35) in a vertical shell and tube configuration. It was noticed that conduction was the dominant 66 mode of heat transfer during discharging cycle. Hosseini et al. [28] conducted discharging cycles on 67 paraffin (RT50) in horizontal shell and tube based LHS system. It was observed that the initial 68 temperature of liquid paraffin had a negligible impact on overall thermal efficiency. Avci In this article, the experimental examinations of discharging cycles of paraffin in a novel LHS system 141 are conducted. The novel LHS system consists of shell and tube with longitudinal fins based heat 142 exchanger and paraffin as thermal storage material. The geometrical orientations of novel LHS system 143 is previously designed, simulated and discussed by authors in [45] . Numerical simulations were 144 conducted to examine the influence of parameters such as number of tube passes and their orientations 145 in shell, geometrical configurations of longitudinal fins and construction material; on thermal storage 146 capacity and charging/discharging rate of LHS system. An optimum design of LHS system was 147 developed and constructed to perform experimental investigations. Prior to performing discharging 148 cycles, the paraffin are charged by connecting novel LHS system to flat plate solar collector [46] . In 149 this article, the discharging cycles are performed by directing cold water from building water tank to 150 extract thermal energy from paraffin in LHS system. The experimental investigations of discharging 151 cycles are conducted at various operating conditions of inlet temperature and flow rate of HTF. 152
Moreover, this paper is focused to examine the transient temperature performance, effective mode of 153 heat transfer, total solidification/discharge time, cumulative thermal energy discharge and mean 154 discharge power of paraffin in LHS unit. Furthermore, this article will give comprehensive knowledge 155 of how to adjust operating conditions or connect several LHS units to meet required thermal energy 156 demands. 157
2.
Experimental Setup and Procedure 158
Experimental Setup 159
In this article, the focus is on investigation of thermal performance of LHS unit during discharging To understand the thermal behaviour of paraffin during discharging process, the low temperature HTF 225 at 10 o C is channelled through tubes in LHS unit. Due to temperature gradient, the low temperature 226 HTF extracts thermal energy from high temperature paraffin. In consequence, the temperature of HTF 227 is increased, whereas paraffin temperature is reduced. In order to understand the transient change in 228 thermal energy of paraffin, the temperature data from all fifteen K-type thermocouples are registered.
229
Transient temperature distribution can help in identifying the dominating mode of heat transfer and 230 phase transition rate at various positions in various zones in LHS unit. 231
To perform discharging cycle, a first set of experimental test is conducted with an inlet temperature 232 and flow rate of 10 o C and 1.5 l/min, respectively. The transient temperature profiles acquired from 233 thermocouples at top positions at all five zones are presented in Fig. 3 Moreover, it can be observed that longitudinal fins are close-packed at zone C (centre of LHS unit), as 245 shown in Fig. 2 . Hence, the solidification/discharging rate of paraffin at top position at zone C is 246 comparatively higher, as shown in Fig. 3 . In succession, it can be noticed that due to relatively higher 247 temperature gradient between inlet temperature of HTF and paraffin at zone E, the solidification rate 248 is higher than zone A, B and D. The temperature of HTF increases as it extracts thermal energy from 249 paraffin at zone E, D and C. Therefore, the temperature gradient for heat transfer is slightly reduced as 250 HTF reaches zone B and zone A and thus, it affects the solidification rate of paraffin in those zones.
251
Moreover, it can be observed from Fig. 2 that HTF tube passes are connected at top at zone B, C and 252 E, whereas it is connected at bottom at zone D. Therefore, due to geometrical orientation of 253 connection between HTF tube passes and insignificant influence of natural convection, the discharge 254 rate is comparatively lower at top position at zone D. Furthermore, an average of temperature profiles 255 is obtained from all three thermocouples (top, central and bottom position) installed at each of five 256 zones, as presented in Fig. 4 . It is evident that due to higher temperature gradient between inlet 257 temperature of HTF and paraffin, the discharging rate of paraffin at zone E is comparatively higher 258 and is followed by zone C, zone B and zone A. 259
In order to give further insight into thermal performance of paraffin in longitudinal fins based LHS 260 unit, the photographic illustration of discharge cycle is provided in Fig. 5 . It can be observed that after 261 discharging the system at inlet temperature of 10 o C and volume flow rate of 3 l/min for 0.25 hr, the 262 paraffin around tubes and longitudinal fins are rapidly discharging latent portion of thermal energy to 263 HTF and therefore the formation of solid layer is noticed. The transparent portion of paraffin 264 represents the liquid phase, whereas the white portion displays the solid phase. It can be verified that 265 the paraffin at inlet (zone E) is rapidly transforming to solid as compared to paraffin at outlet (zone 266 A). This is due to the fact that conduction heat transfer and discharging rate is higher at inlet as 267 compared to outlet. Likewise, after discharging for 0.5 hr, it can be noticed that thickness of solidified 268 paraffin around tubes and longitudinal fins is increasing. The increase in thickness at zone E is more 269 prominent. However, the paraffin in between longitudinal fins is still in liquid phase, which 270 demonstrate the low thermal conductivity of paraffin. Similarly, after discharging for 0.75 hr, it is 271 observed that a mushy phase of paraffin is created at top position, whereas the thickness of solidified 272 paraffin has increased around tubes and longitudinal fins. It shows that natural convection has an 273 insignificant impact on solidification of paraffin, whereas conduction is the dominant mode of heat 274 transfer. Further, after discharging for 1 hr, it can be verified that paraffin at top position at zone C is 275 completely solidified, whereas the top positions of the other zones display mushy phase. Finally, after 276 discharging for 1.25 hr, it can be noticed that paraffin at top position at all zones have entirely 277 discharged latent portion of thermal energy and have phase transformed to solid. 278 LHS unit are illustrated in Fig. 6 . Similarly, the time-wise variations in outlet temperatures of HTF 293 are registered, as presented in Fig. 6 . 294
It is noticed from experimental investigations that inlet temperature of HTF has a significant impact 295 on discharging rate of paraffin in LHS unit. As shown in Fig. 6 (A) , the transient temperature profiles 296 of paraffin at top position at zone A display an identical thermal response to sensible portion of 297 thermal energy discharge at varied inlet temperatures. Therefore, it is noted that inlet temperature of 298 HTF has an insignificant effect on discharging of sensible portion of thermal energy. However, the 299 discharging rate is noticeably influenced during latent portion of thermal energy discharge. The total 300 solidification time for paraffin at inlet temperature of 15 o C is 1.38 hr. However, a higher temperature 301 gradient can be generated by decreasing the inlet temperature of HTF. Therefore, the discharging rate 302 is increased by 9.01 % and 17.43 % as the inlet temperature is decreased from 15 o C to 10 o C and 5 303 o C, respectively. Moreover, it can be observed that after solidification, the sensible portion of thermal 304 energy discharge behave differently to varied inlet temperatures of HTF. 305
The influence of inlet temperature of HTF on transient temperature response of paraffin at central 306 position at zone B and zone D are illustrated in Fig. 6 (B) and Fig. 6 (E) . It is evident that before 307 solidification, the sensible portion of thermal energy discharge is almost identical for all inlet 308 temperatures of HTF. However, the latent portion of thermal energy is discharged at higher rate by Table 3 . 324
Inlet temperature of HTF has a notable impact on outlet temperature of HTF, as shown in Fig. 6 (H) . 325 Due to decrease in inlet temperature of HTF, the temperature gradient between paraffin and HTF is 326 magnified and therefore an enhanced discharge rate is obtained, which results in high temperature 327 output of HTF for a short interval of time. However, with an increase in inlet temperature of HTF, the 328 temperature gradient is reduced and thus a high temperature output is generated for a long period of 329 time. Therefore, it can be predicted that by further increasing the inlet temperature of HTF during 330 discharging cycle, a high temperature output of HTF can be achieved for a longer span of time, which 331 can be utilised for number of domestic or commercial applications. 332 333 Fig. 6 (A) A Top 1.14 hr 1.26 hr 1.38 hr Fig. 6 (B) B Central 0.76 hr 0.88 hr 1.06 hr Fig. 6 (C As discussed in section 3.1, the discharging cycle of paraffin is composed of three phases. In initial 344 phase, the sensible portion of thermal energy is discharged rapidly due to higher temperature gradient 345 between HTF and paraffin. Natural convection is dominating the initial stage of discharging cycle and 346 thus, the temperature drop of paraffin is fast. In second phase, the latent portion of thermal energy is 347 discharged at almost isothermal temperature. During this phase, the phase transition from liquid to 348 solid takes place and thus, the natural convection is weakened and conduction is the dominant mode 349 of heat transfer. However, due to formation of solidified paraffin around tubes and longitudinal fins, 350 the overall thermal resistance offered by paraffin is increased which effects the heat transfer rate.
351
Therefore, it is noticed that latent portion of thermal energy is gradually discharged. In third phase, 352 the sensible portion of thermal energy in solid phase is discharged which is dominated by conduction 353 heat transfer. Similarly, it can be noticed from Fig. 7 that initial sensible phase of thermal energy 354 discharge is not affected by volume flow rate. However, the latent portion of thermal energy discharge 355 is noticeably influenced. 356
Paraffin at top position at zone A has demonstrated an obvious enhancement in discharging rate and 357 reduction in solidification time, as presented in Fig. 7 (A) . The total solidification time is reduced by a 358 fraction of 9.03%, 14.98% and 28.19% as the volume flow rate is increased from 1.5 l/min to 2, 2.5 359 and 3 l/min, respectively. Likewise, paraffin at top position at zone B has illustrated an increase in 360 discharge rate by a fraction of 7.16%, 11.55% and 21.01%, as shown in Fig. 7 (B) . Similarly, the 361 solidification time for paraffin at top position at zone C is reduced by 11.04%, 21.22% and 27.32% as 362 the volume flow rate is increased from 1.5 l/min to 2, 2.5 and 3 l/min, as presented in Fig. 7 (C) . Also, 363
an enhancement in discharging rate is noticed for paraffin at top position at zone D, as illustrated in 364 Fig. 7 (D) . The discharging rate is improved by a fraction of 10.72%, 16.52% and 27.76% as the 365 volume flow rate is increased. Moreover, the improvement in heat transfer rate is observed for 366 paraffin at top position at zone E, as shown in Fig. 7 (E) . Due to enhanced heat transfer rate, the 367 solidification time is reduced by 6.76%, 13.05% and 19.81%, respectively. 368
It is evident that in case of constant inlet temperature of HTF, the heat transfer rate can be 369 significantly influenced by varying volume flow rate of HTF and consequently, the discharging rate of 370 paraffin in LHS unit can be influenced. With an increase in volume flow rate of HTF, the discharging 371 time is reduced. It is due to the fact that by increasing volume flow rate, the amount of thermal energy 372 carried away by HTF is also increased. Therefore, the rapid decline in output temperature of HTF is 373 noticed, as shown in Fig. 7 (F) . However, in order to maintain a higher outlet temperature of HTF for 374 longer period of time, a small volume flow rate is recommended. In practical applications, the volume 375 flow rate should be regulated to application based demands of outlet temperature and duration of 376 discharge time. 377 378 
Energy Discharge and Mean Power 382
In order to investigate the thermal performance of paraffin in longitudinal fins based LHS unit during 383 discharging cycles, the accumulative thermal energy discharge to HTF and mean discharge power of 384 LHS system are calculated. Transient variations in thermal energy discharge to HTF is registered by conducting discharge cycles 394 at constant inlet temperature of 10 o C and varied volume flow rates of 1.5, 2, 2.5 and 3 l/min, as 395 illustrated in Fig. 8 . It can be observed that volume flow rate has a significant impact on discharging 396 rate of thermal energy to HTF. Due to higher temperature gradient at start of discharging cycle, the 397 rate of accumulative thermal energy gain by HTF is higher. However, the temperature gradient is 398 reduced owing to extraction of thermal energy from paraffin. Hence, the rate of accumulative thermal 399 energy gain by HTF is affected. Despite that, with an increase in volume flow rate of HTF, the 400 resistance to convective heat transfer in HTF can be decreased and thus, the discharging rate can be 401 enhanced. It is noticed that after 1.5 hr of discharging cycles, the accumulative thermal energy 402 discharge to HTF is recorded as 10604.41 kJ, 11150.88 kJ, 11521.10 kJ and 12055.03 kJ for volume 403 flow rate of 1.5, 2, 2.5 and 3 l/min, respectively. Similarly, in order to discharge equal amount of 404 thermal energy (12094.34 kJ), the required time is reduced by 24% as the volume flow rate is 405 increased from 1.5 to 3 l/min. 406
The impact of inlet temperature and volume flow rate on mean discharge power of LHS unit is 407 illustrated in Fig. 9 . It can be observed that during inlet temperature of 15 o C, the increase in mean 408 power is almost linear with an increase in volume flow rate. The discharge power is enhanced by 409 18.24%, 33.58% and 49.75% by increasing volume flow rate from 1.5 to 2, 2.5 and 3 l/min, 410 respectively. Likewise, for inlet temperature of 10 o C, the discharge power is increased by 6.85%, 411
13.47% and 26.49%, respectively. Similarly, for inlet temperature of 5 o C, the discharge power is 412 improved by 7.31%, 17.98% and 33.70%, respectively. Moreover, it can be noticed that inlet 413 temperature also significantly influences the mean discharge power. For instance, at constant volume 414 flow rate of 1.5, the discharge power is increased by 28.39% and 36.05% as the inlet temperature is 415 decreased from 15 o C to 10 o C and 5 o C, respectively. Similarly, at flow rate of 3 l/min, the discharge 416 power is increased from 1.959 kW to 2.125 and 2.38 kW, respectively. By regulating inlet 417 temperature and volume flow rate of HTF, the desired output temperature and power demand can be 418 achieved in practical applications. 419 420 Furthermore, the results indicate that the discharge rate, accumulative thermal energy discharge and 425 mean discharge power of our proposed LHS system is considerably higher as compared to LHS 426 systems discussed in previous literature, as presented in Table 4 . It can be noticed that none of the 427 previously reported models could match the rapid solidification time (1.5 hr), accumulative thermal 428 energy discharge (12 MJ) and mean discharge power (2.125 kW) of our proposed LHS system. 429 
Conclusions 431
In this article, the experimental investigations of discharging cycles of paraffin in LHS unit are 432 presented. LHS unit is comprised of shell and tube with longitudinal fins based heat exchanger and 433 paraffin as thermal storage material. Water is employed as HTF and is channelled to pass through the 434 tubes of LHS unit to extract thermal energy from paraffin. The discharging cycles are conducted at 435 various operating conditions of inlet temperature and flow rate of HTF. The following conclusions are 436 drawn from experimental investigations of discharging cycles: 437

Due to inclusion of longitudinal fins, the effective surface area for heat transfer is enhanced and 438 hence the impact of low thermal conductivity of paraffin on discharging cycle of LHS unit is 439 significantly decreased. Consequently, the discharging rate is significantly improved. The novel 440 geometrical orientation of shell and tube with longitudinal fins based LHS unit qualifies as an 441 efficient and responsive thermal energy storage/discharge device. For instance, the novel LHS 442 unit can discharge 12 MJ of thermal energy to HTF in 1.5 hours when it is discharged at inlet 443 temperature and volume flow rate of 10 o C and 3 l/min, respectively. 444  It is noticed that natural convection has minimal impact on discharging rate. However, due to 445 presence of extended surfaces via longitudinal fins, conduction heat transfer is dominant mode 446 for thermal energy discharge. Moreover, it is noticed that conduction is more prominent at 447 central positon as compared to top and bottom positions of LHS unit. Heat transfer rate is 448 relatively weaker at bottom position and therefore, the solidification time for paraffin at bottom 449 position is higher as compared to central and top position. 450  Discharging cycle involves three phases of paraffin. Initially, the sensible portion (liquid phase) 451 of thermal energy is rapidly discharged due to higher temperature gradient. Secondly, during 452 latent portion of thermal energy discharge, a rather steady and gradual reduction in temperature 453 is noticed due to high latent heat capacity of paraffin. Likewise, the formation of solidified 454 paraffin around tubes and longitudinal fins increase the overall thermal resistance, which 455 affects the discharging rate. Finally, due to low temperature gradient, the sensible portion (solid 456 phase) of thermal energy discharge is relatively slow as compared sensible portion of liquid 457 phase. 458  It is observed that inlet temperature and volume flow rate of HTF have significant influence on 459 latent portion of thermal energy discharge. The influence of an increase in overall thermal 460 resistance can be controlled by adjusting inlet temperature or volume flow rate of HTF. It is 461 noticed that as the inlet temperature of HTF is decreased from 15 o C to 5 o C, the mean 462 discharge power is enhanced by 36.05%. This is due to the fact that with an increase in 463 temperature gradient, the conduction heat transfer overcomes the overall thermal resistance of 464 paraffin. Likewise, with an increase in volume flow rate from 1.5 l/min to 3 l/min, the 465 solidification time at constant inlet temperature of 10 o C is reduced by 24% to discharge same 466 amount of thermal energy 12.09 MJ. Moreover, in case of constant inlet temperature as 5 o C 467 and 15 o C, the mean discharge power can be enhanced by 33.70% and 49.75% by increasing 468 volume flow rate from 1.5 l/min to 3 l/min, respectively. 469  It is deduced that by adjusting inlet temperature and volume flow rate, the required output 470 temperature and mean power can be achieved in practical applications. Likewise, the novel 471 LHS unit offers time, spatial and economic benefits. Moreover, in order to meet application 472 based energy demands, the mean power and thermal storage capacity can be augmented by 473 connecting several LHS units in parallel. Therefore, the LHS unit can be perfectly employed in 474 various domestic and commercial applications such as heating, ventilation and air conditioning 475 (HVAC) systems, water heating systems, waste heat recovery and solar power plants etc. 476 477 5.
